AND CONCLUSIONS
1. The effect of stimulating the dorsolatera1 pons (DLP) in the region of locus ceruleus (LC) on lumbar dorsal horn cell responses to innocuous and noxious cutaneous stimuli was assessed and the dependence of these effects on intact pontospinal catecholamine& systems was tested in chloraloseanesthetized cats.
2. DLP stimulation inhibited the responses of dorsal horn cells to both noxious and innocuous skin stimuli. The inhibitory effect was most prominent when the responses to noxious stimuli were tested.
3. The thresholds for eliciting DLP-spinal inhibition were lowest (~30 PA) in the region of LC. The inhibitory effect was found in both ipsilateral and contralateral dorsal horns.
4. The DLP-spinal inhibition was unaltered by depletion of spinal catecholamines brought about by repeated lumbar intrathecal administration of 6-hydroxydopamine or systemic administration of reserpine. 5. We conclude that the DLP-dorsal horn inhibition is not related to a catecholaminergic ceruleospinal system in the cat and that the dependence of pain modulation by catecholamine systems is a reflection of other descending pathways. Noradrenaline (NA) is the primary active amine present in these terminals (5). Both the iontophoretic application of NA in the dorsal horn (14, 15, 29, 40) and in the trigeminal system (73) and the behavioral effect of application of NA onto the surface of the cord (68) have suggested an inhibitory action of NA on dorsal horn cell responses to peripheral stimulation.
Further, there is evidence that adequate expression of opiate-(2, 9, 2 1, 32, 72, 76, 92) and stimulation-produced analgesia (49, 57, 59 , SO) is dependent on CA availability. The relatively dense concentration of CA terminals in the apical region of the dorsal horn (26, 52) provides an anatomic basis for noradrenergic segmental sensory modulation.
While there are numerous catecholaminergic nuclei in the brain stem (20, 25, 50, 65) , the cell bodies whose axons supply CAcontaining terminals to the spinal cord have been described to be most dense in the locus ceruleus (LC), the subjacent nucleus subcoeruleus (SC), and parabrachial nuclei in a variety of mammalian species (22,35,37,39, 5 1, 54, 6 1, 84, 88). Less dense projections to the spinal cord from the regions near the A 1, A2, and A5 nuclei located in the ventral pons and medulla have been described (26, 6 1, 79). Stimulation (47, 48, 57, 80) and ablative (1, 17, 75 ) studies in both rat and cat have suggested a possible role of the E-spinal pathway in analgesic mechanisms.
The study described here was undertaken to determine the effect of stimulation of the dorsolateral pons in the region of LC on dorsal horn cell responses to cutaneous stimulation. A number of tests of the dependence of the results on intact CA stores was undertaken, since the dorsolateral pons contains many noncatecholaminergic cells that project to the cord (8 1). Some of the results have been briefly reported previously (42) .
METHODS
Adult cats weighing 2.5-3.5 kg were anesthetized first with halothane and then with a-chloralose (70 mg/kg, iv). Tracheal, arterial, and venous cannulas were placed. Data were accepted only if the blood pressure was greater than 85 torr, the temperature between 36 and 38"C, and the end-expiratory COZ between 3.5 and 4.5%. Laminectomy was done to expose the lumbar enlargement of the spinal cord and small occipital craniectomies were done for placement of brain stemstimulating electrodes. Exposed neural tissue was covered with warm (37°C) saline or mineral oil. Bilateral pneumothoraxes were done, the animal paralyzed (Flaxedil), and respiration artificially controlled.
Location of LC and placement of stimulating electrodes Bipolar or monopolar stimulating electrodes were placed in LC using coordinates derived from a standard atlas (16). The exposed electrode tip was 100 pm in length and 5 pm in diameter. Singleunit recordings were made from the stimulating electrode as it was lowered into the brain stem. Identification of characteristic responses of cells of the mesencephalic nucleus of the trigeminal nerve to jaw movement (77) served to allow consistently accurate placement of the electrodes within the cerulear complex that surrounds this trigeminal nucleus. Brain stem-stimulation parameters were varied. The stimuli consisted of SO-ms to 10-s trains of 200-ps biphasic pulses with amplitudes varying from 5 to 500 PA. Responses were obtained at much lower stimulus strengths when monopolar microelectrodes were used. The stimulus current was constantly monitored. Stimulation sites were verified histologically following each experiment.
Dorsal horn-unit recording
Single-unit recordings were made from the dorsal horn using Parylene-coated tungsten microelectrodes (BAK electronics). Units were identified as dorsal horn units, as previously described (45) . The receptive field, adequate stimuli, and spinal cord depth of each unit was determined. Hair movement, light touch, noxious pinch or cutaneous temperature (greater than 45°C) stimulation, and joint movement were the standard stimuli used to characterize the units. Small electrolytic lesions were used to locate the recording sites histologically in some experiments.
Cutaneous stimulation and data collection
In order to assess the effects of DLP stimulation on dorsal horn cell responses, several reproducible modes of cutaneous stimulation were used. Innocuous repetitive skin displacement or hair movement stimuli were applied with an electromagnetically driven blunt probe (Chubbuck, Silver Spring, MD). The stimuli were delivered every 5 s, each stimulus being a skin or hair deflection of 0.1-0.5 mm, lasting 400-600 ms. The dorsal horn cell responses occurring from the onset of the stimulus to 750 ms after onset were considered stimulus driven, while the remaining 4.25-s interval was considered spontaneous activity. The effect of DLP stimulation on the responses were tested by starting DLP stimulation 100 ms before the onset of cutaneous stimulation. The total length of the DLP stimulus train was between 250 and 500 ms. Twenty to 50 consecutive trials with or without DLP stimulation were grouped together to allow statistical evaluation of the effects of DLP stimulation on the average number of spikes elicited by the cutaneous stimulus. The two-tailed Student's l test was used at 0.05 and 0.01 levels. Inhibition or facilitation was assumed to be present when the number of spikes was significantly less or greater than control at the 0.05 level. Noxious cutaneous stimulation was applied with a contact Peltier thermode (Bailey Instruments, Saddle Brook, NJ) whose temperature was varied from 25 to 55OC. DLP stimulation was done in trains of 2-10 s during the course of noxious heat stimulation. Repetitive trials of skin-heating stimulation, with intertrial intervals of 5-10 min, were not subjected to comparative statistical tests because of skin sensitization. Inhibition was judged to occur when there was a subjectively clear decrease in the rate of ongoing unit firing concurrent with the brain stem stimulation (33). Thus, quantitative comparison of degree of inhibition from trial to trial was not possible in the situation when noxious heat was used to elicit spinal cord activity. The threshold for brain stem stimulation was that level of brain stem stimulation that caused a significant (0.05) change in the unit responses when compared to the average activity of an immediately preceding control run.
The threshold for brain stem stimulation inhibitory effects on unit activity elicited by noxious thermal stimulation was that level of brain stem stimulation that first caused a clear subjective decrease in the maintained rate of firing of the unit during noxious stimulation. This criterion is similar to that used by others (33,9 1) and results in threshold estimates that are almost certainly falsely high. Dorsal horn unit responses elicited by the various skin stimuli were converted to uniform pulses and their time of occurrence stored on a hard disk using a PDP-11 computer. Following analog-todigital conversion, the displacement and temperature stimulation parameters were stored as were the times of occurrences of DLP stimulation. These data were then used for later histogram construction and statistical analysis. The depths of all dorsal horn units were recorded.
At the end of each experiment the animal was perfused with saline and then 10% Formalin and the brain stem and spinal cord were removed. Following sectioning and staining with cresyl violet, recording sites were identified and the stim-A B ulation electrode tracks reconstructed from the locations of small electrolytic lesions.
Spinal catecholamine depletiun
In order to test the dependence of brain stem stimulation on intact spinal catecholamine stores, spinal cord NA was depleted using &hydroxy-dopamine (6OHDA) (18, 53) . Using the method of Yaksh (B&93; personal communication) a fine radiopaque catheter was passed from the cistema magna to the lumbar subarachnoid space with the cat under barbiturate anesthesia. The cranial end of the catheter was externalized and plugged in a sterile fashion. The position of the lumbar portion of the catheter was verified radiographically. The cat then recieved daily injections of 6-OHDA ( 150-250 pg in 150-250 ~1 saline and 1% ascorbic acid solution) for 8-10 days. For each animal used for physiological study, another animal was used simultaneously for quantitative and fluorescent microscopic evaluation of spinal CA depletion, since the trauma of prolonged recording and anesthesia as well as LC stimulation could falsely lower spinal NA levels in these animals. Four animals were treated, 24 h before the recording experiment, with intraperitoneal reserpine (1 or 2 w/kg).
Evaluation of spinal CA levels
Two methods of evaluation of spinal cord NA levels were used. Qualitative estimation of the density and number of fluorescent CA terminals seen in the dorsal horn was made following preparation of the tissue, using a modified glyoxylic acid technique (27, 8 1). The second technique used was the quantitative estimation of tissue NA levels using high-performance liquid chromatography (HPLC) and electrochemical detection (62, 85) .
RESULTS
The stimulus paradigms can be divided into four types, depending on the type of cell studied and the type of stimulus used to elicit its activity, i.e., I) a cell responding only to innocuous stimuli being activated by hair movement stimuli (I-H), 2) a wide dynamic range-type cell being activated by hair movement stimuli (WDR-I-I), 3) a wide dynamic range-type cell being activated by noxious cutaneous stimuli (WDR-N), and 4) a cell responding only to noxious stimuli being activated by noxious cutaneous stimuli (N-N). Electrical stimulation in the region of LC predominantly inhibited lumbar dorsal horn cell responses to both noxious and innocuous stimulation. Ninety-five cells were evaluated in the initial portion of this study; of these, 41 were tested with the I-H paradigm, had typically small receptive fields, and were usually located in lamina 4 (69, 86) . Twentyeight of these 41 cells were inhibited by DLP stimulation (Fig. 1) . The inhibition of these cells, when present, could always be elicited by both ipsilateral and contralateral dorsolateral pontine stimulation.
Forty-eight cells responding only to noxious stimulation or to both noxious and innocuous stimuli were studied with the other three paradigms (WDR-H, WDR-N, N-N). These cells generally had larger receptive fields and, when marked, were found in lamina 5 or 6 (69, 86) . No lamina 1 cells, as identified by either marking or depth measurement, are included Six cells located in lamina 6 or 7 responding to proprioceptive inputs as well as other cutaneous modalities were facilitated by both ipsilateral and contralateral pontine stimulation (Fig.  3) . Table 1 is a contingency table showing the effect of DLP stimulation under the four circumstances noted above. The results indicate that the inhibitory effects were significantly more frequent (P < 0.001) when cellular responses to noxious cutaneous stimuli were studied and were otherwise independent of differences between cell classes, When WDR cells were studied, even where Figure 6 shows several typical maps of the predominant effect of DLP stimulation stimulation electrode tracks through the area was inhibitory, there was a brief period of of LC. The lowest stimulus strengths able to initial increase in cellular activity (Fig. 4) . ilar patterns of brief increases in activity folThis pattern of response was not seen when cells responding only to innocuous stimuli lowed by a period of inhibition were found were studied. In nine of nine WDR cells, simfollowing transcutaneous electrical stimulacause inhibition of dorsal horn cell response to noxious cutaneous stimuli were between LC and the immediately adjacent subceru-8 and 30 PA. The locations where these stimulus strengths were effective were located in lear complex. The effective current spread using monopolar microstimulation detertion of other somatic areas such as the face and contralateral jaw, suggesting a common mechanism for the response to stimulation of these divergent areas.
DLP stimulation-evoked inhibition of the dorsal horn cell responses was dependent on the frequency of the stimulus train delivered. Figure 5 shows that the inhibition caused by the DLP stimulation using the N-N paradigm was most prominent when delivered at 100 Hz. using the I-H and the WDR-H paradigms were consistently higher than the current needed to inhibit responses to noxious stimulation using the WDR-N and N-N paradigms (Table 2, x2, P < 0.001).
The latency of DLP stimulation on dorsal horn cell responses was evaluated as shown in Fig. 8 where the amount of inhibition, shown as percent of control, is plotted against the time between DLP stimulation and stimulation of the receptive field for a cell responding to noxious input. The minimal latency for apparent inhibition of the evoked dorsal horn cell responses (n = 6) was 50-100 ms, implying a minimum conduction velocity of lo-20 m/s.
In order to determine the potential pathways involved in the DLP spinal effects, the efficacy of a variety of low thoracic spinal cord lesions in interrupting pontolumbar spinal inhibition was tested. In animals with a thoracic hemisection, 13 of 18 dorsal horn cells were inhibited by ipsilateral and contralateral brain stem stimulation.
Five were unaffected by brain stem stimulation. There was no apparent difference in the degree of Twenty-four cells were examined in four cats treated with 6-OHDA. Stimulation of DLP in 6-OHDA-treated animals was still able to produce potent inhibition of the response of dorsal horn cells using the WDR-N and N-N paradigms. The preferential inhibition of dorsal horn cell responses to noxious stimuli was similar to the control. Four of nine cells responding only to hair movement were inhibited, while all of the 15 cells responding to noxious stimuli were inhibited. The thresholds for clear inhibition of these responses were not different from untreated animals (x2, P > 0.10). Eighty percent of the cells tested with the WDR-N and N-N paradigms were inhibited with stimulation currents under 50 PA. The distribution within the DLP of minimum threshold sites was not different from the untreated animals ( Fig.  1 I) . As in the untreated animals, higher amplitude DLP stimulation was needed to inhibit the responses of dorsal horn cells to innocuous stimulation, i.e., greater than 200 PA in three of the four cells tested. inhibition when compared to intact animals using identical stimulation amplitudes. This ratio of inhibited to nonaffected cells is similar to that seen in control animals. Recordings were made from four cells before and after both dorsolateral quadrant section and hemisection. The inhibition of all four of these cells was unchanged by these lesions (Fig. 9) . The increase in control response following dorsolateral quadrant section probably represents a release from tonic descending inhibition (Fig. 9) (12) . The lesions were verified histologically.
The control levels of NA found in cord segments L3-L7 and the effect of treatment with lumbar intrathecal6-OHDA are shown in Fig. 10 . The control levels of NA are similar to those described by others (67, 94) . Treatment with 6-OHDA provided significant depletion of lumbar NA without decreasing the cervical cord or brain stem levels. Catecholamine histofluorescence was also decreased in the lumbar cord but not in the brain stem of cats treated with 6-OHDA.
The results from the 6-OHDA-treated animals imply that DLP stimulation in the region of LC is independent of NA stores within the spinal cord. In order to determine if LC stimulation-evoked spinal inhibition is dependent on supraspinal NA pathways, four animals were treated with intraperitoneal reserpine (1 or 2 mg), which resulted in undetectable values of NA in the spinal cord and brain stem using HPLC. Stimulation of the DLP in reserpinized animals produced inhibition of dorsal horn cell responses to noxious inputs (Fig. 12) at lower stimulation thresholds than in untreated animals (Fig. 7) . In reserpinized animals, the variation of inhibitory thresholds found in control animals as the stimulating electrode was passed through the region of LC was lost (Fig. 12) . DISCUSSION Electrical stimulation of the dorsolateral pons caused inhibition of dorsal horn cells responding both to innocuous and to noxious cutaneous skin stimulation.
The most sensitive area for eliciting inhibitory effects was in LC, with thresholds frequently being less than 30 PA. The thresholds for inhibiting responses to innocuous skin stimulation were (73) (74) (75) (76) (77) . Furthermore, a decrease in the response to narcotic analgesics (38, 72, 74) has been described following LC lesions in both the rat and cat, It seems then that the inhibition described herein might be the physiologic correlate of these studies.
The inhibition of dorsal horn cells caused by LC stimulation was bilateral. This was not surprising in view of the retrograde transport studies that have shown bilateral projections from the dorsolateral pons to the spinal cord (39, 58, 79, 84, 90). Low thoracic hemisection done either ipsilateral or contralateral to the stimulation site had no effect on the efficacy of the pontospinal inhibition described here, a result at variance with that of Iggo et al. (48) 
LC-dorsal horn inhibition
following ventral quadrant section in cat. Our results indicate that much of the crossing of these descending pathways must be above the level of the hemisection (low thoracic) and that there must be some side-to-side segmental interconnection, possibly via the substantia gelatinosa (28, 30, 52, 83). Catecholaminergic fibers from the dorsolateral pons to the lumbar cord cross above the thoracolumbar junction in rat (5 1). Another possible source of the bilaterality of the effects of dorsolateral pontine stimulation are reciprocal ceruleoceruleal connections (19, 7 1, 87, 89) .
The pattern of dorsal horn cell responses to DLP stimulation, i.e., brief facilitation followed by inhibition, is similar to that described by Iggo et al. (47) . The similarity of these responses to that seen when other parts of the body are stimulated electrically suggests that the DLP stimulation response might be relatively nonspecific activation of a dorsal horn reflex inhibitory mechanism similar to that described by LeBars et al. (55, 56) .
The lowest threshold areas for dorsal horn cell inhibition were found in LC, in the midst of cells known to contain noradrenaline. Since LC is thought to be a major source of noradrenergic innervation of the spinal cord (39, 6 1) and since activation of noradrenergic mechanisms has been implicated in descending pain-modulating systems (2, 3, 11, 59), it was hypothesized that the inhibition evoked by stimulation in the region of LC was NA dependent. NA-dependent inhibition from LC has been described in the trigeminal system of the cat (73, 74) . A variety of experiments directly showed that this is not the case within the cat LC-spinal system. First, the latencies from the start of brain stem stimulation to the onset of a clear inhibitory effect indicated a conduction of velocity of at least 10 m/s. Since repetitive stimulation was needed to evoke inhibition, this estimate of conduction velocity is almost certainly low. While conduction velocities of reticulospinal systems are found commonly in the lo-100 m/s range (34,64), studies in which conduction velocities of LC cells, whose axons are unmyelinated (46), have been measured have shown values of 0.4-0.6 m/s (3 1, 37). That the maximum inhibition was seen with stimulus frequencies of 100 Hz suggests that the fibers being activated were myelinated (8).
When spinal NA was depleted with 6-OHDA, the inhibition evoked by stimulating LC was similar to that seen in untreated animals. This indicates that direct ceruleospinal noradrenergic projections were not responsible for the inhibition caused by LC stimulation. One mechanism that might allow for misinterpretation of the results of spinal cord NA depletion with 6-OHDA is denervation hypersensitivity, since 6-OHDA does not destroy all the terminals that it is meant to affect (53) . An alternative explanation is that the effects of DLP stimulation are indirect, affecting LC connections to other brain stem sites (lo), which then affect the dorsal horn. These explanations seem unlikely, since whole brain and cord NA depletion with low doses of reserpine (l-2 mg/kg) failed to decrease ceruleospinal inhibition. Although clear alterations in dorsal horn cell responsiveness and behavioral responsiveness to noxious stimuli can be caused by altering NA availability with L-dopa (5, 6, 43-45), various adrenergic blocking agents (2 1, 57, 68), or intrathecal administration of NA (92), the work presented here suggests that, in the cat, this is not due to changes in the ceruleospinal system. The previous report that much larger doses of reserpine do away with ceruleospinal inhibition (42) probably is a manifestation of general deterioration of the preparation.
The causes of the confusion concerning the function of the ceruleospinal system stems from a combination of facts: first, in the cat, there is a concentration of NA-containing cells in LC, though, as opposed to the more frequently studied rat, these feline NA cells extend along the border of the brachium conjunctivum to the more ventral Kiilliker-Fuse nucleus (7, 79, 81); and second, the regions of LC and SC have been reported to provide fairly dense projections to the spinal cord (35, 37,39,5 1,54,58,6 1,84,88). The assumption has been then that one of the major sources of NA in the cord is the LC-SC complex (39, 42, 58) . It has been demonstrated in the cat, however, that most of the NA cells of LC do not project to the cord and that the majority of cells in the cat LC and SC nuclei that do project to the cord do not contain NA (81) and appear to be slightly medial to the NAcontaining cells (37, 70). The major concentration of cells that both contain NA and project to the cord are located in the more ventral 
